Abstract-We are considering the problem of controlling AC/DC full bridge converters. The control objectives are twofold: (i) guaranteeing a regulated voltage for the supplied load, (ii) enforcing power factor correction (PFC) with respect to the main supply network. The considered problem is dealt with using a nonlinear controller that involves two loops in cascade. The innerloop is designed, using sliding mode approach, to cope with the PFC issue. The outer-loop is designed to regulate the converter output voltage. While several double-loop regulators (designed for different converters) can be found in the relevant literature, it is the first time that a so formal average analysis is developed that rigorously describes the controller performances. The development of such theoretical analysis framework is a major motivation of this paper.
I. INTRODUCTION
In order to meet the requirements of the electrical quality standards (for example IEC 1000-3-2) concerning the input current entering low-power equipments, it is necessary to perform the AC-DC electrical power conversion using switchmode power converters [9] . Among these circuits, the most popular for average and high power applications is the boost power converter operating in continuous conduction mode [1, 14] . From a control viewpoint, such AC/DC converter is viewed as a nonlinear, nonminimum phase and hybrid system. Then, undesirable current harmonics may be generated when the converter is connected to an AC power source. These harmonics may be harmful for both the converter and the main supply network necessitating additional protection and overdimensioning of both the converter components and the network elements (transformers, condensers …). These precautions are costly (higher component prices, higher power consumption).
To avoid the above drawback, the converter should be controlled bearing in mind not only output voltage regulation but also rejection of undesirable current harmonics. The last objective is referred to power factor correction (PFC). A comprehensive overview on circuits that are able (if well controlled) to achieve the PFC requirement can be found in e.g. [10] , [2] , [3] . The question of how to achieve simultaneously the PFC requirement and the output regulation objective has been discussed in many early works. The proposed solutions involved the same control strategy:
(i) a current loop is used to achieve the PFC by acting on the switch position;
(ii) a voltage loop is resorted to achieve output voltage regulation through the tuning of the reference of the current loop.
However, no formal analysis was developed in the above works to show that the proposed double-loop regulators actually achieve the performances they were designed for. As a matter of fact, this is not surprising as the proposed regulators are linear (typically PID regulators) while the controlled power converters are highly nonlinear and time-varying. It is only recently that a serious attempt has been made to build up a formal framework for the above double-loop control strategy [6] . There, the backstepping control technique was used to design the involved regulation loops. However, the developed analysis was not complete and not fully rigorous e.g. the PFC requirement has not really been guaranteed (this is detailed later in theorem 1).
In the present paper, we aim at designing a double-loop regulator for which we can develop a complete and rigorous analysis of the closed-loop performances. To this end, the sliding-mode control technique will be resorted to design a double-loop control system. The resulting closed-loop system turns out to be a time-varying and highly nonlinear. In particular, the time-varying feature results in output voltage ripples and the question is: how small the ripples amplitude is? It is worth noting that the averaging theory is the natural framework to analysing such an issue, due to the periodic nature of the closed-loop system. Making a judicious use of averaging results (e.g. [7, 8] ), it will be established that the PFC requirement is effectively achieved and the output ripples are actually insignificant. More precisely, the output tracking error will be shown to be, in steady-state, a harmonic signal whose amplitude depends on the frequency supply-net voltage: the larger is the net frequency, the smaller the tracking error. It is the first time that the insignificance of the output ripples is so formally described. The paper is organized as follows: Section II presents the model of the bidirectional boost rectifier and the control objectives. Section III is devoted to designing and analyzing the regulator. The closed-loop performances are illustrated in section IV. A conclusion and reference list end the paper.
II. CONTROL PROBLEM FORMULATION

A. Physical model of the boost converter
The boost converter (Fig 1) is described by the following average model [4] :
where 
B. Control objectives
The control objectives are: 1. The AC-DC converter must operate with a power factor close to one. This amounts to ensuring that, in steady-state, the inductor current 1 x follows a sinusoidal signal should be driven to the constant reference value 
III. CONTROLLER DESIGN
The controller synthesis is carried out in two major steps. First, a current inner loop is designed to cope with the PFC issue. In the second step, an outer loop is built-up to achieve voltage regulation.
A. Current loop design
The PFC objective means that the current entering the converter should be sinusoidal and in phase with the AC supply voltage. We therefore seek a regulator that enforces the current 1 x to track a reference signal
x of the form:
At this point the parameter β is any function of time that converges to a constant and positive limit. The (inner) control loop will now be designed using the sliding mode approach (e.g. [7] ). The first step is the choice of a sliding mode surface. Bearing in mind the control objective (for the inner loop), the
is convenient, with:
The second step in the sliding-mode approach consists in determining the so-called equivalent control eq µ . This is the control signal that keeps the state vector x in the slidingsurface (whenever the state gets to that surface). Therefore, eq µ is obtained solving the following equation
= can be rewritten as:
Solving this with respect to µ yields the equivalent control:
Substituting (6b) in (6a), one gets the following explicit version of the equivalent control signal:
The third step in the sliding-mode technique consists in determining a transient control action, denoted T µ , that is necessary to add to the continuous component eq µ (equivalent control), so that the obtained total action, namely:
is able to steer the state from any initial position to the sliding surface. To obtain T µ , let us consider the following Lyapunov
, where we have used (1a), (3), (7) and (8) . This shows that it would be convenient letting T µ be of the form:
Doing so, one gets:
where k is any positive constant real and ( ) . S is any real function such that :
Actually, the substitution of (12) to T μ in (11) yields:
which clearly implies thatϑ is a negative-definite function of h . As ϑ is a positive-definite function of h , it follows that the surface ( ) 0 t , x h = is globally attractive. In the latter, the following choice will be made for the function ( )
where η is any small positive constant real. But, note that any other choice can also be made provided that the above mentioned conditions are fulfilled. Now, substituting (7), (10) and (12) in (8) gives the following control law:
Finally, substituting (13) to µ in (4) gives:
The results thus established is summarized in the following proposition.
Proposition 1.
Consider the control system, next called inner closed-loop, consisting of the system (1a-b) and the control law (13) . If the ratio β and its first derivatives are available then:
1) The inner closed-loop system undergoes, in the ( ) t hcoordinate, equation (14) 2) If in addition β is constant, or is varying but converges to a positive limit value, then the PFC requirement is fulfilled
B. Voltage loop design
The aim of the outer loop is to generate the function β in such a way that the output voltage x 2 be regulated to a given reference value d 2 x . To first step is to establish the relation between β (the outer loop control signal) and the squared- Relation between β and 2 2 x y = This is established in the following proposition. Proposition 2. Consider the power converter described by (1a-b) in closed-loop with the inner control law defined by (13) . Under the same assumptions as in Proposition 1, one has following relation between 2 2 x y = and β : (14)) and: 
Squared output voltage regulation
The function β stands for the control signal in the system described by (14)-(15). The problem at hand is to generate β so that the squared voltage , depending on the context. At this point, the regulator parameters (b, k p , k i ) are any positive real constants. The next analysis will make it clear how these should be chosen for the control objectives to be achieved.
C. Control system analysis
In the following Theorem, it is shown that, for a class of reference signals, the control objectives are achieved (in the mean) with an accuracy that depends on the network frequency (17) 
It follows from (15), (17) and (20) 
where:
with: 
To this end, notice that (29) has a unique equilibrium at:
The stability properties of this equilibrium can be checked through the analysis of the linearized version of (29). The stability of the latter is fully determined by its state-matrix: = are in turn harmonic and depend continuously on ε . Then it follows from (17) that β is in turn harmonic and depends continuously on ε . Theorem 1 is thus established.
IV. NUMERICAL SIMULATIONS
A. Experimental setup
The performances of the proposed controller are now numerically evaluated using a PWM rectifier with the following characteristics: 
C. Simulation Result
The controller performances are illustrated by figures 2 to 7. As expected by Theorem 1, the output voltage 2 x converges in the mean to its reference value with a good accuracy (Fig. 2) . Furthermore, it is observed that the voltage ripples oscillates at the frequency 2ω s , but their amplitude is too small compared to the average value of the signals, confirming thus Theorem 1 (Part 2-b-i) . The corresponding input current 1 x is shown in Fig 3. Finally, Fig 4 shows Figures 6 to 7 illustrate the behavior of the control system in presence to load changes that are not accounted for in the controller design. The rest of the converter characteristics are kept unchanged. It is seen from Fig. 6 that the disturbing effect due to load changes is well compensated by the controller. Furthermore, Fig. 7 shows the correlation of the current amplitude with the output voltage. Robustness of the proposed controller with respect to load changes is thus established. In this paper we have considered the problem of controlling a full-bridge rectifier of the boost type. The converter dynamics have been described by the average 2 th order nonlinear state-space model (1) . Based on such model, a cascade nonlinear controller has been designed using the sliding mode technique. It has been formally established, using Lyapunov stability and averaging theory, that the obtained controller meets its objectives.
